Silver nanoparticles produced with a solid-phase thermal decomposition method were used for the preparation of a conductive paste supporting curing at low temperatures. The conducting paste was prepared by blending fine spherical silver powder and silver nanoparticles with a diameter of 20nm in order to reduce the electric resistivity of the electrodes. Although the viscosity of the conducting paste increased by about 25% after 60 days, it exhibited superior stability to dispersion in comparison to commercial paste. The electric resistivity of the electrode was of the order of 10 -6 Ωcm at a curing temperature of 200°C. Using this conducting paste, it is possible to print at widths of 20µm. The resistivity was further reduced by 1% in the high temperature test at 120°C, by 5% in the high humidity and high temperature test, and by 5% during the thermal shock test at temperatures ranging from -45 to 80°C.
INTRODUCTION
Recently, the electronic circuits are required to be printed onto a resin film for the sake of reducing the size and the weight and increasing the flexibility of the electronic parts. Also, nanosized metal particles with sizes ranging from a few nm to several dozen nm, accompanied by the current aggressive development of nanotechnology, are expected to aid the manufacturing of fine circuits. For example, a paste containing silver oxide and silver nanoparticles or organic silver compounds and a paste containing silver nanoparticles and spherical silver particles with a diameter of a few microns have been suggested for this purpose [1] [2] [3] [4] [5] .
Meanwhile, one method for manufacturing nanoparticles relies on the process of solid state thermal decomposition [6] [7] [8] [9] . Nanoparticles obtained in this process are known to possess the following characteristics: 1) the protective layer of the metal silver core can be designed freely, so that the nanoparticles are made suitable for any type of solvent, and 2) their mass manufacturability determines their low cost.
Therefore, we conducted this research with the purpose of developing a low-cost curing-type conductive paste with low resistivity (of the order of 10 -6 Ωcm) which is possible to use for printing fine circuits, and which possesses great storage stability. The paste was prepared by means of manufacturing fine spherical silver powder by chemical reduction, and mixing it together with nanoparticles prepared by solid state thermal decomposition.
In this work, the effect of the nanoparticles in the paste was investigated with respect to reducing the resistivity, the characteristics of fine prints in ordinary screen printing, moisture resistance tests in environments with high temperature and humidity, the heat resistance, and the storage stability of the paste from the viewpoint of changes in viscosity.
EXPERIMENTAL PROCEDURE
Acrylic resin was dissolved into diethyleneglycol monobutyl ether acetate in order to obtain a 30wt% solution, which was used as a thermoplastic resin binder, and a 70wt% solution of phenol resin into diethyleneglycol monobutyl ether acetate was used as a thermosetting resin binder. The thermoplastic and thermosetting resin solutions were mixed in a ratio corresponding to the content of each solid compound (7:3). Fine spherical silver powder (Fig. 1 , average particle size 0.35µm) and silver nanoparticles (Fig. 1 , average particle size 20nm), which were prepared by solid state thermal decomposition, were added to the resulting mixture in a ratio of 90:10 and 95:5. The total resin weight was processed to be 8.3wt% with respect to the silver content. The mixture was agitated for 10min with a mixer and kneaded with a three-roll mill to create a conductive paste. The viscosity was adjusted to around 150-200Pa.s. The conductive paste was filtrated through a mesh with openings of less than 10µm.
Furthermore, the electrical resistivity was measured with a digital multimeter as a property after the curing process, and a screen printing evaluation was carried out for the preparation of fine circuits. The conditions for the printing are as follows: the printer is a MICROTECH Co., Ltd. type MT550, the screen is a 500 mesh, and the printing is performed by using a pattern with a line width of 20µm on a polyimide film with curing for 30min at 200°C while observing the shape with a laser microscope. A high temperature test, a high temperature and humidity test, and a thermal shock test are performed as storage stability evaluation procedures, where the changes in resistivity were considered. The standard testing methods for electrical and electronic devices are defined in JIS, in which the high temperature test was performed at 125°C±2°C for 1000hrs, in accordance with JIS-C-60068-2-2. The high temperature and high humidity test was performed with bath temperature of 80°C with a relative humidity of 80% for a period of 1000h. The thermal shock test also complied to JIS-C-0025, where the paste was kept at low temperature of -45°C for 30min, and then at high temperature of 80°C for another 30min, and this cycle was repeated 100 times.
3. RESULT AND DISCUSSION 3.1 Electrical properties Figure 2 shows SEM photographs of microstructure of the paste containing fine spherical silver powder and silver nanoparticles cured at 200°C. SEM observation revealed that the contact occurred uniformly between all spherical particles and large void was not observed. Figure 3 shows SEM photographs of the surface on microstructure of paste containing only silver nanoparticles cured at deferent temperature for 30min. It was found that the cohesion occurred even at 150°C, and the sintering begun to occur. Furthermore, the sintering of silver nanoparticles is observed in a considerable respect at 200℃. From these, low resistivity of the paste is expected to be obtained by the sintering of silver nanoparticles at 200℃. Figure 4 shows the relation between the resistivity and the compounding ratio of the fine spherical silver powder and the silver nanoparticles. Although in the case of only fine spherical silver powder the resistivity decreases as the compounding ratio rises, at a certain level, specifically at 81wt%, the resistivity reaches the minimum value of 4 × 10 -5 Ωcm, after which it tends to rise when the ratio is above 81wt%.This result seems to arise due to contact failure resulting from cracks between the particles. The shortage of resin against the volume of silver particles in the paste impairs the ability to retain the silver particles together during the process of curing. On the other hand, in the case of adding silver nanoparticles, unlike in the case above, there is no minimum point in the graph, and almost the same value for the resistivity is observed for all compounding ratios. In addition, in both cases of nanoparticles ratios of 5wt% and 10wt%, the resistivity is reduced to a level of a few 10 -6 Ωcm, which proves the great efficiency of adding silver nanoparticles with respect to reducing the resistivity. This value of the resistivity is very low in comparison to general commercially available conductive pastes prepared using flake powder, and is also only 5 times higher than the resistivity of bulk silver, which is 1.59 × 10 -6
Ωcm. This means not only that a continuous network (percolation) is formed through contact between the metallic particles, but also that nanoparticles play an adhesive role by undergoing fusion at low temperatures and connecting the silver particles, thus lowering the resistivity, while the resistivity of the paste which does not contain silver nanoparticles depends only on the percolation for continuity. This explains why a rise in the resistivity of the paste is not seen in the area above 81wt% silver content, where it appears that the amount of resin is insufficient in comparison to the silver particle content. 3.2 printability Figure 5 shows the results of the fine circuit print evaluation. Printing lines with a width of 20µm, as shown in Fig. 5 , is impossible when using conventional thermosetting pastes prepared with flake powder. However, by using fine particles, such fine spherical silver powder or silver nanoparticles, it is possible to print lines with a width of 20µm. Figure 6 shows the results of the high temperature leaving test and the results of the high temperature and high humidity test for the paste with fine spherical silver powder and silver nanoparticles cured for 30min at 200°C. Although an increase of about 2% or less was observed in the result of high temperature leaving test at 100 hours, the resistivity eventually returned to its initial value and started decreasing gradually. Eventually, a decrease of about 5% from the initial value was observed in the resistivity change graph after 1000hrs. It is considered that due to the strong connections realized by the fusion of the silver nanoparticles at 200°C, changes in resistance are hardly seen for the high-temperature leaving. Then, in the result of the high temperature and high humidity test, there were no great fluctuations, and although an initial increase of about 2% was observed, a decrease of about 1% was observed after 1000 hours. Moreover, it was confirmed that the paste was very stable with respect to humidity.
Environmental and running test
Figure7 shows the results of the thermal shock test. Regarding the resistivity, a decrease tendency of about 3% was seen after 100 cycles. At first, it was expected that micro-cracks would be generated in the resin by the heat stress as a deterioration tendency in the thermal shock test, as well as that the resulting loose connections between the silver particles would result in a rise in the resistivity. However, a tendency toward decrease was observed for the resistivity, and therefore it can be considered that micro-cracks were not generated in the resin in the thermal shock.
On the other hand, as an important feature of the paste, the results of the observed changes in the viscosity with respect to the aging stability are shown in Fig. 8 . The paste was stored at 10°C A tendency toward gradual viscosity rise is seen for 30 days, starting one day after the day of manufacturing, and the viscosity remains almost constant until the 60th day after that. The increase rate of the viscosity was about 25% within the span of 60days. This value is smaller than the one for thermosetting-type silver pastes which contain ordinary epoxy resin, and thus it can be concluded that it has excellent storage stability.
CONCLUSIONS
The resistivity of a conductive paste prepared with silver nanoparticles mixed with fine spherical silver powder was characterized, as well as the printing characteristics and the paste and film reliability with respect to its utilization as a low-resistivity curing paste suitable for implementing fine electrode layout. It was found that it is possible to develop a conductive paste which has a very low resistivity (10 -6 Ωcm) at a curing temperature of 200 C. It is also possible to form fine circuit lines 20µm in width by utilizing brief screen printing. The paste obtained led to the improvement of stability with respect to viscosity and cured film resistivity. By combining silver nanoparticles prepared by solid state thermal decomposition with the fine spherical silver powder prepared by chemical reduction, it is possible to manufacture in high volumes at low cost, which determines the superiority of the proposed method over existing method for industrial application. Therefore, it will be expected that the paste can be extensively applied as an electronic layout technique in organic flexible circuit substrates, which must be cured at low temperatures. 
